Abstract. Sparingly, water-soluble drugs such as candesartan cilexetil offer challenges in developing a drug product with adequate bioavailability. The objective of the present study was to develop and characterize self-microemulsifying drug delivery system (SMEDDS) of candesartan cilexetil for filling into hard gelatin capsules. Solubility of candesartan cilexetil was evaluated in various nonaqueous careers that included oils, surfactants, and cosurfactants. Pseudoternary phase diagrams were constructed to identify the self-microemulsification region. Four self-microemulsifying formulations were prepared using mixtures of oils, surfactants, and cosurfactants in various proportions. The self-microemulsification properties, droplet size, and zeta potential of these formulations were studied upon dilution with water. The optimized liquid SMEDDS formulation was converted into free flowing powder by adsorbing onto a solid carrier for encapsulation. The dissolution characteristics of solid intermediates of SMEDDS filled into hard gelatin capsules was investigated and compared with liquid formulation and commercial formulation to ascertain the impact on self-emulsifying properties following conversion. The results indicated that solid intermediates showed comparable rate and extent of drug dissolution in a discriminating dissolution medium as liquid SMEDDS indicating that the self-emulsifying properties of SMEDDS were unaffected following conversion. Also, the rate and extent of drug dissolution for solid intermediates was significantly higher than commercial tablet formulation. The results from this study demonstrate the potential use of SMEDDS as a means of improving solubility, dissolution, and concomitantly the bioavailability.
INTRODUCTION
Most of the new drug candidates in development today are sparingly soluble and associated with poor bioavailability (1) . There were various formulation strategies reported to address these problems; these include the use of surfactants (S), cyclodextrins, drug nanoparticles, solid dispersions, micronization, lipids, and permeation enhancers (2) . Majority of these approaches have resulted in limited success because of the need for specialized equipments, complicated manufacturing process, longer processing time, and regulatory complexity. In recent years, an area that is gaining popularity with formulation scientists is using lipid-based careers to develop self-emulsifying drug delivery systems (SEDDS) to improve oral bioavailability of many lipophilic drugs (3, 4) .
SMEDDS are isotropic and thermodynamically stable solutions consisting of an oil, surfactant, cosurfactant (CoS; or solubilizer), and drug mixtures that spontaneously forms oilin-water microemulsions when mixed with water under gentle stirring. The digestive motility of stomach and intestine provides the agitation required for self-emulsification in vivo (5) . The advantages of these systems include not only improved drug solubilization but also enhanced release and absorption properties, due to the already dissolved form of drug in formulation and the resulting small droplet size thus providing a large interfacial surface area (6) (7) (8) . The SEDDS formulation typically produce emulsions with a droplet size between 100 and 300 nm, while SMEDDS form transparent microemulsions with a droplet size that is less than 50 nm. The droplet size of the emulsion is a critical factor in selfemulsification performance because it determines the rate and extent of drug release as well as absorption (9) . When compared with emulsions, which are sensitive and metastable dispersed forms, SMEDDS are physically stable formulations that are relatively easy to manufacture. Thus, for lipophilic compounds that have dissolution-limited absorption, these systems offer a significant enhancement in the rate and extent of absorption and concomitantly providing more reproducible blood concentration time profiles (10) . The superior performance of self-microemulsifying formulations may be attributed to the following factors: (a) larger surface area provided by the fine emulsion droplets and subsequent lipolysis and formation of mixed micelles, (b) improved diffusion of the fine emulsion droplets: mixed micelles across the unstirred aqueous layer, (c) increased mucosal permeability due to presence of surfactants, and (d) improved lymphatic absorption due to the long-chain oil. It has also been reported that the long-chain oils incorporated in the formulation may promote lipoprotein synthesis and subsequent lymphatic absorption (11) .
In the present study, an attempt was made to enhance the solubility and in vitro dissolution of candesartan cilexetil by formulating it as SMEDDS for filling into hard gelatin capsules. Candesartan cilexetil is an esterified prodrug of candesartan, a nonpeptide angiotensin II type 1 (AT 1 ) receptor antagonist used in the treatment of hypertension (Fig. 1 ). Based on its solubility across physiologically relevant pH conditions and absorption characteristics, candesartan cilexetil is classified in the Biopharmaceutics Classification System as a class II drug. Low solubility of candesartan cilexetil across the physiological pH range is reported to result in incomplete absorption from the gastrointestinal (GI) tract and hence is reported to have an oral bioavailability of about 15%. Candesartan cilexetil is a highly lipophilic compound and has good solubility in tri-and diglyceride oils. These factors, therefore, may contribute toward absorption via the lymphatic route. This paper provides the first instance at developing a SMEDDS formulation of candesartan cilexetil using a combination of medium chain triglycerides and polyglycolyzed glycerides as surfactants. The formulation was characterized for its ability to form microemulsions based on droplet size, zeta potential, and dissolution characteristics.
MATERIAL AND METHODS

Materials
Candesartan cilexetil was procured from Dr. Reddy's Laboratories Ltd., Hyderabad, India, and medium chain triglyceride oils (Miglyol 810 and 812) were purchased from Sasol (Germany 
Excipient Screening-Saturation Solubility Studies
The saturation solubility of candesartan cilexetil was evaluated in various oils, surfactants, and cosurfactants. In this study, an excess amount of candesartan cilexetil (approximately 500 mg) was added to 2 ml of each of vehicle in screwcapped glass vials and the mixture heated to 60°C in a water bath under continuous stirring using a vortex mixture to facilitate drug solubilization. The mixture was kept at ambient temperature for 72 h to attain equilibrium. The equilibrated sample was centrifuged at 2,000 rpm for 10 min to remove the undissolved drug. Aliquots of supernatant were diluted with methanol, and drug content was quantified using an highperformance liquid chromatography (HPLC) technique.
Saturation Solubility of Drug in Mixture of Surfactants and Cosurfactants
The saturation solubility of candesartan cilexetil was evaluated in predetermined ratios of selected surfactant and cosurfactants using the procedure as described earlier in the text.
Pseudoternary Phase Diagram
The pseudoternary phase diagrams of oil, surfactantcosurfactant, and water were developed to optimize the formulation using a water titration method (12) . The mixtures of oil and surfactant-cosurfactant ratios were diluted with water in a dropwise addition. Phase diagrams were constructed in the presence of drug to obtain the optimum concentrations of oil, surfactant, and cosurfactant. SMEDDS form fine oilwater emulsions upon addition to an aqueous media under gentle agitation. Since the free energy required to form an emulsion is very low, the formation is thermodynamically spontaneous. The surfactants used in the formulation form a layer around the emulsion droplets thus reducing the interfacial energy and providing a mechanical barrier to coalesce. The apparent spontaneity of emulsion formation was measured by visual observation wherein a series of SMEDDS formulations were prepared and their self-emulsifying properties observed visually. After identifying the microemulsion region in the phase diagrams, formulations were selected at desired ratio of component based on its ability to form microemulsion.
Design of SMEDDS Formulation
Based on ternary phase diagrams, a series of selfemulsifying systems were prepared with varying concentrations of oil, surfactant, and cosurfactant. For all formulations, the level of candesartan cilexetil was constant (i.e., 11.42%, w/w of the vehicle). The concentration of candesartan cilexetil was maintained at this level taking into account filling a therapeutic dose (16 mg) of drug into a size "2" hard gelatin capsule. At this level, the fill volume of a size "2" capsule can represent a maximum of 16 mg of candesartan cilexetil. The saturation solubility of SMEDDS formulations were evaluated using a procedure as described earlier in the text.
Characterization of SMEDDS
Visual Observations
A visual test to assess the self-emulsification properties reported by Craig et al. (7) was modified and adopted in the present study. In this method, a predetermined volume of formulation (0.2 ml) was introduced into 300 ml of water in a glass beaker that was maintained at 37 -C, and the contents mixed gently using a magnetic stirrer. The tendency to emulsify spontaneously and progress of emulsion droplets were observed. The tendency to form emulsion was judged qualitatively as "good" when droplets spread easily in water and formed a fine transparent emulsion, and it was rated "bad" when there was milky or no emulsion formation with immediate coalescence of oil droplets, especially when stirring was stopped. All the trials were carried out in duplicate, with similar observations being made between repeats.
Determination of Droplet Size and Zeta Potential
The average droplet size and zeta potential of candesartan cilexetil SMEDDS formulations were determined by photon correlation spectroscopy using Malvern Zetasizer (Malvern Instruments, UK). The selected formulations were dispersed in water (diluted 100 times) and placed in an electrophoretic cell for measurement.
Direct Liquid Filling in Hard Gelatin Capsules
The preconcentrates of optimized formulations containing the active were filled into size "2" hard gelatin capsule shells using semiautomatic direct liquid fill in hard gelatin capsule machine (Pam Machinery, Mumbai, India). The fill weight of the capsule formulation is 140 mg±10.0% that contained a therapeutic dose (16 mg). The filled capsules were sealed at the junction of body and cap with a gelatin band to prevent potential leaks using a capsule-banding machine (Pam Machinery, Mumbai, India).
Conversion to Solid Intermediates of Self-Microemulsifying Formulation
The optimized liquid SMEDDS formulation was converted into free flowing powder by adsorption of liquid SMEDDS onto solid carriers. The solid carriers used for adsorption comprised of materials that provided a high surface area with good disintegration characteristics. The solid carriers used include microcrystalline cellulose and colloidal silicon dioxide. The carrier's chosen can adsorb at high levels up to 70% (w/w) (13) 
Solid-State Characterization of Solid SMEDDS
The solid-state properties of candesartan in the solid SMEDDS was investigated using differential scanning calorimetry (DSC) and X-ray powder diffraction (XRPD) techniques since this would influence the in vitro and in vivo dissolution characteristics.
Differential Scanning Calorimetry
Thermal properties of drug, placebo, and solid SMEDDS formulations were investigated using a Perkin-Elmer DSC-7 differential scanning calorimeter/TAC-7 thermal analysis controller with an intracooler-2 cooling system (Perkin-Elmer Instruments, USA). About 3 to 5 mg of product was placed in perforated aluminum sealed 50-μl pans, and the heat runs for each sample was set from 40°C to 200°C at 5°C/min, under an inert environment using nitrogen. The apparatus was calibrated using pure metals like indium with known melting points and heat of fusion (∆H fusion ).
X-Ray Powder Diffraction
XRPD diffractograms of drug, placebo, and solid SMEDDS formulations were recorded using a Panalytical Xpert Pro Diffractometer (PANalytical, The Netherlands) with a Cu line as the source of radiation. Standard runs using 
Morphological Analysis of Solid SMEDDS
The outer macroscopic structure of the solid SMEDDS was investigated by scanning electron microscope (SEM; FEI, The Netherlands), operating at 10 kV. The sample was fixed on a SEM stub using double-sided adhesive tape and then coated with thin layer of gold.
Dissolution Studies
The release of drug from liquid SMEDDS formulations, solid intermediates filled in capsules, and commercially available tablet formulation was determined using a US Pharmacopeia type II dissolution apparatus. The dissolution medium consisted of 0.02% Tween 20 in 0.05 M phosphate buffer, pH 6.5, the volume was 900 ml, and temperature of the dissolution medium was maintained at 37°C with the paddle operated at 50 rpm. An aliquot of 10 ml was withdrawn at predetermined intervals 5, 10, 15, 30, 45, and 60 min and filtered through 0.45-µm pore size membrane filters (Millipore, Bangalore, India). The amount of drug dissolved was determined using an HPLC method.
HPLC Analysis
The HPLC analysis was carried out using Waters Alliance high-performance liquid chromatography system (Agilent Technologies, USA). Chromatographic separation was accomplished using an Inertsil ODS-3, C 18 , 250×4.6-mm, 5-μm stainless steel column (Agilent Technologies, USA). The mobile phase consisted of a mixture of buffer (0.02 M monobasic potassium phosphate), acetonitrile, and triethylamine in the ratio of 40:60:0.2, with pH adjusted to 6.0 using phosphoric acid. The mobile phase was pumped isocratically at a flow rate of 2.0 ml/min during analysis, and the column temperature was maintained at 25°C. The amount of drug dissolved at each sampling time point was estimated using a UV wavelength of 254 nm.
RESULTS AND DISCUSSION Excipient Screening-Solubility Studies
The solubility of candesartan cilexetil in various surfactants and oils are summarized in Table I . The drug substance showed good solubility in surfactants-Tween 80, Labrasol, Transcutol P, and Cremophor EL. Among oils, Miglyol 812 was the only oil in which the drug showed the desired solubility for dosage development.
Solubility of drug substance in lipid carriers is a key criterion for selection of components for developing a SMEDDS formulation. The maximum amount that can be filled into a size "2" capsule is ∼300-310 μl containing the therapeutic dose; hence, the solubility of drug in these careers is critical to develop a capsule dosage form for in vivo studies.
Based on drug solubility and compatibility with hard gelatin capsule shell, Cremophor EL and Tween 80 were selected as surfactants, and Labrasol was selected as cosurfactant for further development. The components selected are miscible with each other and form a homogenous mixture with medium chain fatty acid glycerides (Miglyol). It is well established that medium chain fatty acids influence the tight junctions of the epithelial cells and long-chain fatty acids stimulate the lipoprotein synthesis and subsequent lymphatic absorption and thus enhancing drug bioavailability (14) .
Solubility of Drug in Mixture of Surfactants
The solubility of candesartan cilexetil in different binary combinations of selected surfactants and cosurfactant (1:1, 1:2, and 2:1) is summarized in Table II . The solubility data were used to estimate the drug loading capacity to develop a dosage form for capsule filling.
Pseudoternary Phase Diagram Study
The solubility of drug substance in binary mixtures, one containing Miglyol 812, Tween 80, and Labrasol and other containing Miglyol 812, Cremophor EL, and Labrasol, selected for construction of phase diagram is summarized in Table III . Each of these combinations contained 11.42% (w/w) candesartan cilexetil. Phase diagrams at a specific ratio of surfactant/cosurfactant (1:1, 1:2, and 2:1) were constructed for each combination. The phase boundary was determined by visual observation (spontaneity of emulsification and clarity). The prototype formula compositions were selected within the microemulsion region of phase diagrams. The phase diagrams for combinations 1 and 2 are shown in Figs. 2 and 3 , respectively (since the phase diagrams of 1:1 and 1:2 ratios are quite similar, only 1:1 and 2:1 ratios of the combinations were presented).
In combination 1, when Miglyol 812, Tween 80, and Labrasol are mixed at 2:1 (weight ratio), the hydrophilic lipophilic balance value of the surfactants combination is ∼14.5. The microemulsion examined by photon correlation spectroscopy revealed that the volume-based diameters of particles were in range of 4-10 nm. Based on these results, it is feasible that a stable and transparent microemulsion with particle size below 50 nm can be obtained, indicating that the efficiency of emulsification was good when the S/CoS concentration was more than 40% of SMEDDS formulation. It was observed that increasing the concentration of surfactant such as Labrasol in SMEDDS formulation increased the spontaneity of the self-emulsification process. In combination II consisting of Miglyol 812, Cremophor EL, and Labrasol at 2:1 (weight ratio), the hydrophilic lipophilic balance value of the surfactants combination is ∼14.6; at this ratio, a decrease in mean effective droplet diameters from 19.6 to 14.5 nm was observed when the concentration of cosurfactant was ∼30%. Therefore, a ratio of S/CoS=2:1 was selected for prototype development. When a cosurfactant is added (in addition to surfactant) to the system, it lowers the interfacial tension, fluidizes the hydrocarbon region of the interfacial film, and decreases the bending stress of interface (15) .
Design of SMEDDS Formulation
The formula compositions of optimized SMEDDS formulations are summarized in Table IV . The efficiency of selfemulsification was assessed by adding the unit dose of the resulting formulation in 250 ml water under gentle agitation. The lipid formulations were assessed visually based on their rate of self-emulsification and emulsion clarity. The saturation solubility after formulating as SMEDDS is summarized in Table V . The results show higher solubility of drug after formulating into SMEDDS.
Droplet Size Analysis
The effect of formula composition of SMEDDS on droplet size distribution is shown in Table VI . The mean droplet size was relatively smaller for SMEDDS formulations containing Miglyol 812 as oil phase, Tween 80 as surfactant, and Labrasol as cosurfactant than the other formulations. Based on the formation of a stable microemulsion upon exposure to water, the optimized formulations (forms A, B, C, and D) were developed. The mean droplet size increased in formulation D when the concentration of oil was increased from 8.9 to 12.1% (w/w). This may be attributed to the amount of undissolved drug in the formulation.
Zeta Potential Analysis
The results from zeta potential analyses of all four formulations are summarized in Table VI . Electrostatic forces of microemulsion droplets are critical for assessing the stability of the SMEDDS formulation. An increase in the electrostatic repulsive forces between microemulsion droplets prevents the coalescence of microemulsion droplets, and a decrease of electrostatic repulsive forces will result in phase separation. The formulations B and D consisting of Tween 80 showed higher zeta potential compared to formulations A and C which could be attributed due to high affinity of Tween 80 toward the surface of drug offering potential electrical double layer. All the formulations evaluated showed positive potential. Several studies have reported that the zeta potential played an important role in the interactions of formulation components with mucus of the gastrointestinal tract (16) . The observations in these report suggest that a positively charged droplet could result in better interaction with the mucosal surface of GI tract because the intestinal cell interior carries a negative charge in the presence of mucosal fluid. Since the emulsified droplets produced by SMEDDS herein have a positive potential, they are likely to facilitate intestinal absorption of drug resulting in enhanced bioavailability.
Solid-State Characterization of Solid SMEDDS
The DSC thermograms of pure candesartan cilexetil, placebo, and solid SMEDDS formulation are shown in Fig. 4 . Pure drug substance showed sharp endothermic peaks at 166°C indicating that the drug is highly crystalline. The absence of drug peaks in the solid SMEDDS formulation indicates change in the melting behavior of drug and inhibition of crystallization following granulation using lipid surfactants and granulating materials.
The X-ray diffractograms of pure drug, placebo, and solid SMEDDS formulations are shown in Fig. 5 . The results show absence of obvious peaks representing crystals of candesartan in solid SMEDDS indicating that the drug was in amorphous or disordered crystalline phase in the lipid matrix.
Morphological Analysis of Solid SMEDDS
The SEM images of pure candesartan and solid SMEDDS formulations are shown in Fig. 6 . The SEM images of solid SMEDDS show well-separated particles with no agglomeration.
In Vitro Dissolution Study
The in vitro dissolution comparisons of SMEDDS formulations in a discriminating dissolution medium (0.02% Tween 20 in 0.05 M phosphate buffer, pH 6.5) are shown in Fig. 7 . In the dissolution media, 0.02% of Tween 20 was added since it provided better discrimination between the formulations. The faster dissolution from SMEDDS may be attributed to the fact that in this formulation, the drug is a solubilized form and upon exposure to dissolution medium results in small droplets that can dissolve rapidly in the dissolution medium. The release from liquid SMEDDS formulation B (mean droplet size 14.3 nm) was faster than SMEDDS formulation D (mean droplet size 19.3 nm) indicating influence of droplet size on the rate of drug dissolution.
Formula composition of the selected solid SMEDDS formulation is shown in Table VII . The drug dissolution from solid intermediates of SMEDDS filled in hard gelatin capsules and commercially available tablet formulation of candesartan in a discriminating dissolution medium (phosphate buffer, pH 6.5) is summarized in Table VIII . The commercial tablet formulation Candelong® consists of candesartan cilexetil, hydroxypropyl cellulose, polyethylene glycol, lactose, corn starch, carboxymethylcellulose calcium, magnesium stearate, and ferric oxide. The drug dissolution from solid intermediates in capsules was comparable to liquid SMEDDS and significantly higher than the commercial product (Fig. 8) , indicating that the selfemulsifying properties of SMEDDS were unaffected following conversion. The similarity factor (F2) calculated on the dissolution data of marketed formulation and self-emulsifying formulation is 15 which indicate that the marketed formulation is dissimilar to self-emulsifying formulation.
CONCLUSION
A SMEDDS formulation of a poorly water-soluble drug, candesartan cilexetil was formulated for direct filling into hard gelatin capsules for oral administration. The formula composition of SMEDDS for capsule filling was obtained based on solubility evaluation, pseudoternary phase diagram, and droplet size analysis. The optimized formulation showed rapid selfmicroemulsification in an aqueous media. The SMEDDS formulation converted into solid intermediates for capsule filling showed faster rate of drug release than the marketed product in a discriminating dissolution media. The results from this study demonstrate the utility of SMEDDS to enhance solubility and dissolution of sparingly soluble compounds like candesartan which may result in improved therapeutic performance.
